Abstract We propose two schemes for quantum information splitting via W-class state. The first scheme is based on the interaction of single atom with single-mode field, while the second scheme is based on the simultaneous interaction of two atoms with single-mode cavity. For the first scheme, the difficulty of two atoms required to be simultaneously sent through one cavity is avoid. For the second scheme, it is immune to thermal field. Both schemes are experimentally feasible based on current cavity QED techniques. The most peculiar characteristic of quantum mechanics is existence of indivisible quanta and of entangled systems. Both of these are at the root of Quantum Cryptography, which could very well be the first commercial application of quantum physics at the individual quantum level. One of the most important tasks of quantum cryptography is quantum secret sharing, which is a procedure for splitting a message into several parts so that no subset of parts is sufficient to read the message, but the entire set is. Hillery et al.
The most peculiar characteristic of quantum mechanics is existence of indivisible quanta and of entangled systems. Both of these are at the root of Quantum Cryptography, which could very well be the first commercial application of quantum physics at the individual quantum level. One of the most important tasks of quantum cryptography is quantum secret sharing, which is a procedure for splitting a message into several parts so that no subset of parts is sufficient to read the message, but the entire set is. Hillery et al. [1] have firstly shown that three-particle entangled GHZ state can be used for secret sharing. In the context, quantum key sharing was extended to quantum information splitting by teleportation, the information in a qubit is split into two parts so that if the parts are recombined, the qubit can be recovered. Karlsson et al. [2] and Cleve et al. [3] have also proposed different schemes for quantum secret sharing and quantum information splitting, which require the particle carrying the quantum information be first entangled with the other particles to share the information. Recently, Zheng [4] presented a protocol for splitting quantum information via W state and illustrated the procedure in ion-trap system, which shows some merits against decoherence, but the feasibility in cavity QED system has not been discussed. In this paper, we propose two schemes to split quantum information via atom-cavity interaction.
The protocol can be briefly reviewed as follows. Alice possesses a qubit, which is in an unknown state,
Besides, Alice, Bob, and Charie share an entangled state of the W type,
If Alice performs a joint measurement on her two qubits with respect to Bell states, [5] 
,
the particles held by Bob and Charie collapse onto one of the following entangled states 1
Neither Bob nor Charie can recover the original qubit only by local operations on their own particles. If Bob agrees that Charie should get the information of initial qubit, then they put together and perform a unitary transformation on the two particles 1
In this case the third particle evolves into
with the second particle left in the state |0 2 . With the outcome of the joint measurement transmitted to Charie he can perform a rotation on his particle to reconstruct the original qubit. In the following, we illustrate the idea in the cavity QED system. Consider three two-level atoms simultaneously interacting with single-mode cavity field, the interaction Hamiltonian in the interaction picture can be written as
where σ − j = |0 jj 1| and σ + j = |1 jj 0| with |1 j and |0 j being the excited and ground states of the j-th atom, a † * The project supported by the Education Foundation of Fujian Province under Grant No. JB06033 † E-mail: wuhuaizhi@fzu.edu.cn and a are, respectively, the creation and annihilation operators of the cavity mode, g is the atom-cavity coupling strength, and δ is the detuning between the transition |1 j → |0 j and cavity frequency w. In the case δ g the upper levels can be adiabatic eliminated, and there is no energy exchange between the atomic transition frequency w 0 and cavity frequency w. Thus, the effective Hamiltonian can be given by [6, 7] 
where λ = g 2 /δ. The first and second terms describe the photon-number dependent Stark shifts, and the other terms describe the dipole coupling between the three atoms induced by the cavity mode. If the cavity field is initially in the vacuum state, then the Hamiltonian reduces to
Assume that the atoms 1, 2, and 3 are initially in the state |0 1 , |0 2 , and |1 3 , respectively, then the state evolution of the atom system can be represented by
We choose λt = [π − cos −1 (1/8)]/3 and then perform the single-qubit rotation |1 3 → e −iθ |1 3 , where
.
Thus we obtain the W state
where we have discarded the common phase factor. In the following we assume that atoms 1, 2, and 3 have been distributed to Alice, Bob, and Charie, respectively. Now we show how to perform a joint measurement with respect to Bell states in Eq. (3). First, Alice sends atom 1 through an initially empty resonant cavity C 1 . In the interaction picture, the atom-cavity interaction is described by the Jaynes-Cummings Hamiltonian
When the atom exits the cavity, equation (3) becomes
We choose the interaction time t = π/2g and perform the operation |1 4 → −i|1 4 , then equation (13) collapses to
In succession, Alice sends atom 4 sequentially through zone R 1 , cavity C 1 , and zone R 2 . These zones are first set so that atom 4 undergoes π/2 classical pulses in each of them. Further, the atom is tuned to have a dispersive interaction with the field in C 1 . By choosing properly the detuning between atom 4 and C 1 and the dispersive interaction time, we can realize the following transformations,
After that, Alice switches off the R 1 , let an auxiliary atom 5 sequentially pass through C 1 and R 2 . The atom interacts resonantly with C 1 by a duration π/2g, and crosses a π/2 pulse in R 2 . Then the atom system becomes
Hence, the joint measurement can be achieved by detecting atoms 4 and 5 separately. After the Bell-state measurement, the second and third atoms collapse to one of the states of Eq. (4). Then the atom 2 is sent to resonantly interact with cavity C 2 by Bob. If the interaction time is chosen to be π/2g, equation (4) 
Later on, Charie performs the rotation |1 3 → −|1 3 and sends atom 3 through the resonant cavity C 2 . The state of the system evolves to 1
Choosing t = π/4g we have
By this way, atom 3 is in one of the states given by Eq. (6). One can perform an appropriate rotation to reconstruct the initial state of particle 4. Now we propose another scheme for splitting quantum information. Assume that atoms 1, 2, and 3 have been prepared in the state of Eq. (11). First, Alice performs the transformation |1 4 → i|1 4 , leading to
and then sends atom 1 and atom 4 simultaneously interacting with a single-mode cavity field and driven by a classical field. In the rotating-wave approximation, the Hamiltonian is
where
and σ + j = |1 jj 0|, with |1 j and |0 j being the excited and ground states of the j-th atom, a † and a are, respectively, the creation and annihilation operators of the cavity mode, g is the atom-cavity coupling strength, Ω is the Rabi frequency, w 0 is the atomic transition frequency, w a is the cavity frequency, and w is the frequency of the classical field. Assuming w 0 = w, in the interaction picture, the interaction Hamiltonian is [8−12] 
where δ is the detuning between the atomic transition frequency w 0 and cavity frequency w a . In the strong driving regime Ω δ, g and in the case δ g, there is no energy exchange between the atomic system and the cavity. Then in the interaction picture, the effective interaction Hamiltonian reads [8−12] H e = λ 1 2 j=1,4 (|1 jj 1| + |0 jj 0|) + (σ
where λ = g 2 /2δ. The Hamiltonian is independent of the cavity field state, allowing it to be in a thermal state. Then the evolution operator of the system is given by
Choosing the interaction time τ and Rabi frequency Ω appropriately so that λτ = π/4, Ωτ = (2m + 1)π (m is an integer), the above quantum states become
In this case the other two states evolve to
Hence, the joint measurement can be achieved by detecting atoms 1 and 4 separately. After the Bell-state measurement, the second and third atoms collapse to one of the states of Eq. (4). Then Bob performs the rotation |1 2 → i|1 2 , leading to 1
Finally, atoms 2 and 3 are simultaneously sent through the cavity C 2 without being driven by a classical field. Under the condition of large-detuning interaction, the effective Hamiltonian is
where λ = g 2 /δ. The evolution of the relevant states is
With the choice of λ t = π/4, we have 1
On the other hand, |00 23 undergoes no change. Then Charie performs the transformation |1 3 → e iπ/4 |1 3 , and atom 3 evolves into the original state of atom 4. Hence, according to the outcome of the Bell-state measurement, Charie can reconstruct the initial state of atom 4 by local operations.
We briefly discuss the experimental feasibility of the proposed schemes. For the Rydberg atoms with principal quantum numbers 49, 50, and 51, the radiative time is about T r = 3 × 10 −2 s, and the coupling constant is g = 2π × 24 kHz. [13] A superconducting cavity with Q = 4.2×10 10 and finesse being 4.6×10 9 has been achieved recently, the photon damping time is about T p = 130 ms if the cavity is cooled to the temperature 0.8 K. [14] The interaction time between each of the atoms and the cavity can be controlled by applying a velocity selector and Stark field adjustment. The detection of atoms in required states can be implemented by using the classical microwave field zones and field ionization counters. In this case, the required atom-cavity-field interaction time is on the order of t = 1.5 × 10 −4 s for the members in both schemes, which is much shorter than T r and T p . The infidelity induced by the atomic spontaneous emission and cavity decay is about ∆F = t/T r + t/T p , thus the fidelity is about F = 1 − ∆F = 0.9938. On the other hand, the second scheme requires that two atoms be simultaneously sent through a cavity, otherwise there will be an error. We here estimate such an error. Assume that during the disentangled process of Bell states, one of the two atoms enters the cavity 0.01t sooner than another atom, with t being the time of each atom staying in the cavity. Then the fidelity of the operation is about 0.99, which may slightly affect the outcome of detection. [6] Anyhow, the proposed schemes are experimentally realizable based on the current cavity QED techniques. [14] In summary, we have proposed two schemes for quantum information splitting based on cavity QED system. Instead of using EPR states and GHZ states, our schemes are more insensitive to the loss of one particle by using a W-class state as a quantum channel and thus are robust against decoherence. In comparison with the schemes of Refs. [2] and [3] , our schemes do not require the particle carrying the quantum information be first entangled with the other particles. Besides, there are some favorable features for the respective schemes. Two atoms are simultaneously sent through one cavity, not needed for the first scheme and thus avoid the possible error, and for the second scheme it is immune to thermal field. Based on the currently experimental parameters of Haroche's group, [14] both the schemes are feasible.
